Abstract The optimal combination of bevacizumab with cytotoxic or cytostatic drugs in recurrent glioblastoma is unknown. We performed a phase 2 trial of combined bevacizumab and fotemustine for patients with glioblastoma at first relapse after radiotherapy and temozolomide. The primary endpoint was 6-month progression-free survival (PFS), while secondary endpoints were overall survival (OS), response rate based on RANO criteria and toxicity. Fifty-four patients with recurrent GBM were enrolled. The authors observed a 6-month PFS rate of 42.6 % (95 % CI 29.3-55.2) and a median PFS of 5.2 months (95 % CI 3.8-6.6). The median OS was 9.1 months (95 % CI 7.3-10.3). Twenty-eight patients (52 %) had a radiographic response, and a significant neurological improvement with steroid reduction was observed in 25/42 symptomatic patients (60 %). MGMT promoter methylation was significantly associated with improved PFS in univariate analysis. Most unifocal tumors at baseline had a focal enhancing progression (76 %), while the diffuse non-enhancing progression accounted for 9.5 %. Response or survival were not associated with any pattern of progression. Survival after failure of treatment was short. Twelve out of 54 patients (22 %) discontinued fotemustine for grade 3/4 myelotoxicity, while 4/54 (7.4 %) discontinued bevacizumab. This study failed to demonstrate a superiority of the combination of bevacizumab and fotemustine over either bevacizumab or fotemustine alone as historical controls. Future studies should explore alternative regimens of combination of the two drugs.
Introduction
Glioblastoma (GBM) is the most common malignant primary brain tumor, and the standard therapy involves maximal safe surgical resection, followed by radiotherapy with concomitant and adjuvant temozolomide (TMZ) [1, 2] . Despite optimal treatment, GBMs inevitably recur with a median survival of 15-18 months [3] .
Treatment options at recurrence are of limited efficacy, and there is no accepted standard of care [4] . GBMs are highly vascularized tumors with elevated expression of vascular endothelial grow factor (VEGF) , that drives endothelial cell proliferation and thus new blood vessels formation [5] . Recent studies with bevacizumab, a humanized monoclonal antibody against VEGF, alone or associated with chemotherapy or targeted drugs, have reported higher response rates and prolongation of median and 6-month progression-free survival compared to historical controls with non-bevacizumab treatments [6] [7] [8] . As a consequence US Food and Drug Administration (FDA) granted approval of single-agent bevacizumab in May 2009; conversely, the European Medical Agency (EMA) refused bevacizumab approval, mainly for the uncertain impact on overall survival and the lack of a non-bevacizumab control arm in the registration studies. Nitrosoureas are in Europe the standard salvage option in recurrent GBMs. Fotemustine is a chloroethylnitrosourea compound with elevated lipophilic properties that has shown some activity in recurrent GBMs [9] [10] [11] [12] . The combination of bevacizumab plus fotemustine has been recently suggested as active and relatively safe in untreated metastatic melanoma patients [13] . No prospective studies are available on the combination of bevacizumab and fotemustine in recurrent GBMs.
Here we present the final results of a phase II Italian study that investigated the role of the combination of bevacizumab and fotemustine in GBMs at first relapse after standard radiotherapy and TMZ.
Materials and methods

Eligibility criteria
Inclusion criteria for the study were as follows: age C18 years; Karnofsky performance status (KPS) score C60; histological diagnosis of glioblastoma at original surgery or at reoperation; first progression after radiotherapy and concomitant/adjuvant temozolomide; measurable disease on enhanced MRI (C1 cm) within 1 week prior to treatment; stable corticosteroid dose for C7 days before baseline MRI; adequate hematologic, hepatic and renal function: hematocrit [29 %; absolute neutrophil count (ANC) C1,000 lL; platelets count C100,000 lL; serum aspartate aminotranferase, bilirubin and creatinine \1.5 times normal At least 3 months between completion of radiotherapy and at least 1 month between reoperation and enrollment were required. All patients provided informed consent. Key exclusion criteria included: evidence of CNS hemorrhage on baseline MRI; concurrent therapeutic anticoagulation (LMWH allowed); uncontrolled hypertension; cardiac arrhythmias; history of congestive heart failure or stroke; active infection requiring intravenous antibiotics; urine protein : creatinine ratio [1; pregnancy or nursing; prior stereotactic radiosurgery or any other antiangiogenic agent. The protocol was approved by the Institutional Review Board.
Study design and treatment
This was a multicenter, single arm, open label, phase II study. The primary endpoint was 6-month progression-free survival (PFS-6), while secondary endpoints were overall survival (OS), response rate (RR) and toxicity.
The treatment consisted of an induction phase with bevacizumab at 10 mg/kg intravenously on day 1 and 15 and fotemustine at 75 mg/m 2 intravenously on day 1 and day 8, followed after an interval of 3 weeks by a maintenance phase with bevacizumab at 10 mg/kg and fotemustine at 75 mg/m 2 every 3 weeks until tumor progression, unacceptable toxicity or withdrawal of consent. Fotemustine doses were held for grade 3 or 4 non-hematological toxicity, grade 3 thrombocytopenia, grade 4 neutropenia, and fever associated with any grade of neutropenia until the event resolved to grade 1 or pretreatment values. Thereafter, doses of fotemustine were reduced by 25 %; chemotherapy doses were also reduced by 25 % for any related-event requiring [2 weeks to recover. Patients who required more that 3 chemotherapy dose reductions were allowed to remain on study and receive bevacizumab alone. Bevacizumab was discontinued for uncontrollable hypertension, grade 2 or greater hemorrhage, arterial thrombosis, severe proteinuria or congestive heart failure. Bevacizumab was held until other related grade 3 events resolved to grade B1. Dose reductions of bevacizumab were not allowed. Initiation of each cycle required: an ANC C 1,500 lL; a platelet count C100.000 lL; aspartate aminotranferase, bilirubin and creatinine less than twice the institutional upper limit of normal; proteinuria grade B2 on urinanalysis; and resolution of any related grade C3 event to grade B1. A complete blood count and metabolic panel with urinanalysis were obtained every 4 weeks; blood pressure was checked before every infusion of bevacizumab.
Response evaluation
Study investigators determined response by neurological examination and contrast enhanced MRI (performed on a 1.5 Tesla scanner) after the induction phase and then after every other maintenance cycle. One Investigator (R.S.) reviewed all MRI examinations. Response was evaluated based on the recently published response assessment in neuro-oncology (RANO) criteria that require the evaluation of both the enhancing and non-enhancing (hyperintense in T2/FLAIR) components of the tumor [14] .
MGMT promoter methylation analysis Genomic DNA was isolated from paraffin sections of glioblastoma tissue, denaturated with sodium hydroxide in a volume of 35 lL and subjected to bisulfite treatment in a volume of 350 lL for 5 h at 55°C and then purified. The methylation-specific PCR was performed in a two-step approach.
Statistical analysis
When this study was designed, the sole available study employing bevacizumab on recurrent malignant gliomas useful for comparison was that of Vredenburgh et al. [15] . To achieve 90 % power to detect an increase of 20 % in 6-month PFS (from 40 to 60 %) with 5 % type-one error we aimed to recruit 52 patients.
The characteristics of the patients were described using medians and interquartile ranges for the continuous variables. Percentage frequencies were used for the categorical variables.
PFS was defined as the time from the start of therapy to disease progression or death or last follow-up.
OS was defined as the time from the start of therapy to death or last contact if censored.
Age, gender, Karnofsky score, type of first surgery, second surgery, tumor extension, time from original diagnosis and MGMT status were categorized and analyzed as factors potentially influencing PFS, OS and response.
A Cox proportional hazard model was used to estimate crude and adjusted hazard ratios (HRs) and 95 % confidence intervals (95 % CIs) for a set of potential, pre defined, risk factors of progression of disease and mortality. We included in the multivariate analysis only those variables known in the literature as significant prognostic factors.
Statistical analyses were performed using Stata 11.2 (StataCorp LP, College Station, TX, USA).
Results
Patients characteristics
From May 15, 2007 to Dec 31, 2010, 54 patients with recurrent GBM were enrolled. Patients' characteristics at study entry are summarized in Table 1 . Twenty-four patients (44 %) had a Karnofsky Performance Status of C90 at the time of enrollment. Forty-six patients (85 %) had unifocal tumors, while 8 (15 %) multifocal tumors. Twenty patients (37 %) had MGMT unmethylated tumors while 18 (33 %) had MGMT methylated tumors; in the remaining 16 patients data were not available. Eleven out of 54 patients (20 %) were reoperated before inclusion into the study. The median time from original diagnosis to study enrollment was 11 months. Forty-one patients (76 %) were receiving dexamethasone with a median total daily dose of 4 mg (range 2-8). Twenty-nine patients (54 %) were on antiepileptic medication with nonEIAEDs.
All patients completed the induction phase, and a median of 7 maintenance cycles were administered (range 1-72).
As for June 15, 2012 study therapy was discontinued due to PD in 50/54 (91 %) patients, while 3 patients were free of tumor progression and alive, and 1 patient died suddenly at home for an unknown reason. The median follow-up for all patients was 9.3 months (95 % CI 7.3-10.5).
Progression-free and overall survival PFS rate at 6 months was 42.6 % (95 % CI 29.3-55.2) and the median PFS was 5.2 months (95 % CI 3.8-6.6) Overall survival time from start of therapy (months) Fig. 1 a Progression-free survival from study entry; b overall survival from study entry (Fig. 1b) .
The risk of death increased in patients with the worst performance status at the enrollment (HR = 3.45, 95 % CI 1.32-9.01). Gender, age, Karnofsky score, time from the original diagnosis, type of first surgery, second surgery, tumor extension and MGMT status did not influence OS in both univariate and multivariate analysis ( Table 3) .
The median time of OS after treatment failure was 3.45 months (95 % CI 2.20-4.53) (Fig. 2a) .
Response
The RR was as follows: CR in 2/54 patients (4 %), PR in 26/54 (48 %), SD in 20/54 (37 %) and PD in 6/54 (11 %). The overall response rate (CR ? PR) was 52 %. The median time to maximum response was 4 weeks (range 4-12 weeks). Among the 41 patients who were on dexamethasone at study initiation, 32 (78 %) were able to taper, including 17 (41.5 %) who completely discontinued the treatment, while 9 patients (22 %) required a stable dexamethasone dose. Of the 13 patients who were not receiving dexamethasone at study enrollment, 2 (15 %), who had progression at first evaluation, required therapy with dexamethasone. Overall, a significant neurologic improvement was observed in 25/42 symptomatic patients (60 %). Response was not predicted by any clinical factor, including the MGMT status .
Patterns of failure
Patterns of tumor failure on MRI after study treatment were available in 50/54 patients (92.5 %). All 8 tumors, that were multifocal before treatment, had a multifocal progression.
Forty-two patients had unifocal tumors before treatment, and patterns of progression were as follows: local (enhancing) in 32/42 (76 %), distant (enhancing) in 3/42 (7 %), multifocal (local ? distant enhancing) in 2/42 (4.5 %), diffuse (nonenhancing) in 4/42 (9.5 %) and isolated leptomeningeal spread in 1/42 (2 %). The pattern of tumor failure (local vs. non local) was not associated with the previous response to treatment. Overall survival after 
Toxicity
Toxicity is summarized in Table 4 . Most patients experienced grade 1 or 2 toxicities. Grade 3 toxicities were predominantly hematologic, including neutropenia in 7 patients (13 %) and thrombocytopenia in 5 patients (9 %). Other grade 3 toxicities included wound dehiscence in 3 patients (5.5 %), fatigue and deep venous thrombosis in 2 patients (4 %), and hypertension and hemorrhage (61) in 1 patient (1.8 %). Grade 4 toxicities included pulmonary embolism in 2 patients (4 %), and hypertension with reversible posterior encephalopathy, stroke, neutropenia and thrombocytopenia in 1 patient, respectively. One patient experienced grade 5 CNS hemorrhage. Twelve out of 54 patients (22 %) with persistent grade 3 or 4 neutropenia or thrombocytopenia discontinued fotemustine and 11 required dose modification. Four out of 54 patients (7.4 %) discontinued bevacizumab (1 stroke, 1 intratumoral hemorrhage, 1 GI perforation and 1 pulmonary embolism).
Discussion
This is the first phase II trial that has explored the combination of bevacizumab and fotemustine in patients with Nonhematologic toxicity
GBMs. A series of retrospective and prospective studies have evaluated the association of bevacizumab with miscellaneous other agents, including irinotecan, etoposide, temozolomide, carboplatin, cetuximab and erlotinib in patients with recurrent GBMs [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , and all have achieved outcomes that are not better than bevacizumab monotherapy [6] [7] [8] 26] . Overall, combination studies have shown PFS-6 of 19-50 % and median OS of 6-10.2 months compared with PFS-6 of 25-42.6 % and OS of 6.5-9.2 months with bevacizumab alone. Similar results were reported in terms of radiologic responses (20-57 % with drug combinations vs. 29-42 % with bevacizumab alone). In our study we observed a 6-month PFS of 42.6 %, a median PFS of 5.2 months, an OS of 9.1 months and a RR of 52 %: these results are not significantly superior over the best results reported with either bevacizumab alone or in combination.
Unfortunately, in this trial we were not able to evaluate the quality of life over time with specific questionnaires. We chose a nitrosourea to be combined with bevacizumab based on the rationale that bevacizumab might enhance the delivery of an active cytotoxic drug, and adequate safety would be expected with this regimen due to non-overlapping primary toxicities of each of the agents. Four phase II trials evaluated fotemustine in recurrent glioblastomas. Three studies [9] [10] [11] used the same induction/maintenance schedule of our study, and reported similar outcome results: PFS-6 of 20.9-52 %, PFS of 1.7-6.1 months and OS of 6-9.1 months. Another study [12] , that used longer rest periods (2 weeks instead of 1 week) between doses during the induction phase, reported better results (PFS-6 of 61 %, mPFS of 6.7 months and OS of 11.1 months), and reduced grade 3 or 4 myelotoxicity. In our study 22 % of patients discontinued fotemustine due to grade 3 or 4 myelotoxicity after the induction phase: maybe we could not exploit entirely the potential synergistic effect of the combination. In an ongoing Dutch phase II randomized trial on recurrent GBMs (BELOB trial), comparing bevacizumab ? lomustine versus either bevacizumab or lomustine alone, the initial dose of the nitrosourea was lowered due to a high grade 3 and 4 myelotoxicity, and the preliminary results in terms of survival are encouraging [27] . Another explanation for the lack of synergism of our combination is that in the maintenance phase we used bevacizumab at the dose of 10 mg/kg every 3 weeks instead of every 2 weeks: however, to date there is no evidence of a relationship between dose, schedule and response [28] .
The role of MGMT as a prognostic or predictive marker in patients with recurrent GBM receiving alkylating chemotherapy (temozolomide, nitrosoureas) is debated. Some studies found longer PFS and OS in patients with MGMT promoter methylated tumors [29] [30] [31] , whereas others did not [32] [33] [34] [35] [36] [37] . Addeo et al. [12] , who used fotemustine alone, observed a trend toward prolonged PFS-6 for methylated patients. In our study we found an association between MGMT promoter methylation and longer PFS that was statistically significant in univariate analysis only. In general, the lack of a correlation between MGMT promoter methylation and outcome in recurrent GBMs may be due to the small sample size of the studies, the poor outcome of GBM at relapse or an absence of a true association.
In the present study we analyzed the patterns of failure after treatment using the same categories employed in recent studies [38] [39] [40] . As nearly 15 % of our patients had bilateral multifocal disease (both enhancing and nonenhancing) at baseline, thus rendering difficult and unreliable a distinction between local and non local progression and between true tumor progression and radiation effects, we restricted the analysis to unifocal tumors at baseline. The majority of these patients did not have a shift in the patterns of failure, with a rate of local enhancing progression of 76 %, which is similar to that has been reported in the literature [23, 38, 41] . Conversely, the proportion of patients displaying a diffuse non-enhancing pattern of tumor progression (''gliomatosis-like'') was significantly lower (9.5 %) than that reported in previous studies [40] [41] [42] [43] [44] , thus raising the possibility that fotemustine could have some anti-infiltrative properties.
Some clinical reports have suggested that the nonenhancing and multifocal patterns of tumor progression could be associated with a previous response [42] or poorer outcome [43, 44] . We did not observe any difference in terms of response or survival between patients who had local versus non-local progression, as already reported by Pope et al. (2011) in the BRAIN study.
Overall, our correlations have some limitations: the sample size was small, the physician that evaluated the MRI scans was not blind to clinical data, and as a single investigator analyzed the tumor patterns, interobserver reliability to confirm pattern assignments was not assessed.
Last, we confirm that the outcome following disease progression on bevacizumab-based regimen is poor [24, 45] . A longer survival was observed among patients receiving salvage chemotherapy, as it was more commonly offered to patients with younger age and higher Karnofsky score.
In conclusion, in this trial we were unable to demonstrate a superiority of the combination of bevacizumab and fotemustine over either bevacizumab or fotemustine alone as historical controls. Future studies should investigate whether a clinically meaningful benefit from the combination could emerge by employing lower doses of bevacizumab and/or more protracted schedules of fotemustine. More in general, the issue of the potential benefit of adding a nitrosourea to bevacizumab is still unresolved, and ultimately the ongoing EORTC 26101 phase III study will hopefully give an answer.
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